Objective To prospectively compare diagnostic accuracy of fetal post-mortem whole-body MRI at 3-T vs. 1.5-T. Methods Between 2012 and 2015, post-mortem MRI at 1.5-T and 3-T was performed in fetuses after miscarriage/stillbirth or termination. Clinical MRI diagnoses were assessed using a confidence diagnostic score and compared with classical autopsy to derive a diagnostic error score. The relation of diagnostic error for each organ group with gestational age was calculated and 1.5-T with 3-T was compared with accuracy analysis.
Introduction
Technological advances in prenatal diagnostic tools have yielded the possibility of early diagnosis of fetal structural abnormalities from the first trimester scan [1] [2] [3] . In the case of a severe abnormality, the parents often opt for termination of pregnancy and, in such circumstances as well as in the case of miscarriage, post-mortem examination by conventional autopsy remains critical for confirming or refuting the ante-mortem diagnosis and plays an important role in counseling parents concerning the recurrence risks for future pregnancies [4, 5] . Unfortunately, perinatal autopsy rates are declining, reaching only 50% of eligible cases in some countries [6, 7] . Factors associated with lack of parental consent include advanced gestational age at fetal death and religious considerations [8 , 9 ] . Furthermore, conventional autopsy might be difficult to perform in small fetuses at less than 20 weeks of gestation and calls for highly specialized fetal pathologists, who are often difficult to find [10] .
In the last decade, efforts have been made to develop less invasive methods of post-mortem examination. Postmortem magnetic resonance (MR) imaging is now suggested as an acceptable alternative to conventional autopsy and has a parental acceptance of 79-99% [8, 9] . Recently, a prospective validation study for minimally invasive autopsy demonstrated a concordance of 89.3% with conventional autopsy [11] . This method included clinical history, external examination, post-mortem genetic and metabolic tests and post-mortem 1.5-Tesla (T) MR imaging. However, the concordance with autopsy for MR imaging alone was only 42.7% and 63%, respectively, for fetuses at ≤24 and >24 weeks of gestation.
MR imaging with a high-field magnet at 3-T has been developed for current clinical practice and its application has been studied in many medical fields [12, 13] . However, few studies have considered its contribution to fetal postmortem imaging [14] [15] [16] [17] [18] and we lack comparison with fetal whole-body post-mortem MR imaging at 1.5-T.
The aim of our study was, therefore, to compare the image quality and diagnostic accuracy of fetal post-mortem wholebody MR imaging at 3-T and 1.5-T.
Materials and methods

Study participants and design
The study was approved by the local ethics committee, and all written informed consent had been obtained from all parents. This was a single-institution prospective study, conducted at the Department of Radiology and Fetal Medicine Unit of the University Hospital Brugmann, Brussels, Belgium, Université Libre de Bruxelles. Between October 2012 and July 2015, all consecutive patients suffering a fetal loss were invited to participate in this study whereby whole-body post-mortem MR imaging with 1.5-T and 3-T was performed in addition to conventional autopsy. Fetal deaths were related to termination, miscarriage or stillbirth. The fetuses were stored in refrigerated compartments at 4°C before MR imaging examination.
MR imaging examination
As soon as possible after delivery, and in a random order, consecutive whole-body MR imaging was performed using a 1.5-T magnet (Siemens Magnetom Avanto, Erlangen, Germany) and a 3-T magnet (Philips Achieva, Best, Netherlands).
Axial views of the head, and axial and coronal views of the body were acquired with high-resolution T2-weighted sequences. The parameters were adapted to obtain the best image quality within a maximum acquisition time of 60 minutes as we estimated that a longer acquisition time would be difficult to implement in future clinical practice. In this way, we hoped to reach the maximum capacity for both machines to allow the most equitable comparison. The typical acquisition parameters of the MR imaging protocols on both magnets are summarized in Table 1 .
Image evaluation
Image contrast was evaluated for all cases by measuring the mean signal intensity in 16 anatomic areas with Image J (Version 1.46, National Institute of Health, USA) by a single operator (first author) [10] : grey matter, thalamus, white matter, cartilage (head of humerus), bone (humeral diaphysis), muscle, intracardiac blood pool, myocardium, pericardial effusion, pleural effusion, lung, liver, adrenals, renal cortex, renal pelvis and spleen. Tissue contrast was calculated for 14 regions of interest (ROIs) with the previously published formula [10] : The clinical diagnoses of all cases were assessed independently by two radiologists (2 nd and 3 rd author, both with more than 10 years of experience in post-mortem MR imaging, at the start of the study). The two radiologists were blinded to the magnet used (1.5-T vs. 3-T), the results of the prenatal ultrasound examination, the other reader's report and the results of the conventional autopsy. The images obtained from both MR imaging machines were mixed and then presented in a random order.
A previously published confidence diagnostic score from 0 to 100 was given for 29 anatomic structures (0 definitely abnormal, 1-49 probably abnormal, 50 non-diagnostic, 51-99 probably normal and 100 definitely normal) [8] . In the case of concordance between operators, the mean score of the two operators was then calculated. In the case of discordance between operators, a consensus was reached and a new score was given. Abnormalities recognized as post-mortem changes were scored as normal.
Post-mortem examination
As soon as possible after the post-mortem MR imaging, conventional autopsy was performed by two pathologists with more than 15 years of experience in fetal autopsy. According to current clinical practice, the pathologists were informed about the main prenatal findings related to fetal death in order to produce a full clinical report allowing counselling of parents about their recurrence. The pathologists were blinded to the MR imaging examination results. The autopsy data were entered into a database that was separated from that used for the MR imaging examinations. The autopsy results were converted to the previously described diagnostic score for the same 29 anatomic structures analyzed with post-mortem MR imaging (0 = abnormal, 50 = non-diagnostic and 100 = normal).
Sample size
Based on published data on the ability to visualize the fourchamber view of fetuses at <20 weeks of gestation with postmortem fetal MR imaging with 3-T and 1.5-T [16] , a power analysis performed before data collection revealed that at least 76 fetuses would be needed to detect a 5% difference in the number of visualized 4-chamber views between the 2 modalities, with 95% power. Given that these data described only the visualization of the 4-chamber view of fetuses at <20 weeks of gestation, we increased the sample size to more than 90 cases with full autopsy.
Statistical analysis
The diagnostic error of MR imaging was defined and calculated as the absolute value of the difference between the autopsy, when available, and MR imaging diagnostic score as represented by the following formula:
The anatomic structures were then grouped to calculate the mean diagnostic error for the brain (five anatomic structures), the face (three anatomic structures), the thorax (three anatomic structures), the heart (seven anatomic structures), the abdomen (eight anatomic structures) and the skeleton (three anatomic structures).
The proportion of non-diagnostic cases at classical autopsy for the brain as compared with other organs was compared using McNemar's test of proportion for paired samples. The tissue contrasts of the 14 ROIs were compared for 1.5-T and 3-T with the Wilcoxon test for paired samples.
The diagnostic errors for each organ group and gestational age were correlated using Spearman correlation analysis. Diagnostic errors for each anatomic structure and organ group were compared for 1.5-T and 3-T with the Wilcoxon test for paired samples.
For the accuracy analysis, the mean diagnostic score of postmortem MR imaging and classical autopsy for each anatomic structure was transformed into categorical data as follows: 0-49 abnormal, 50 non-diagnostic, and 51-100 normal. When one anatomic structure was diagnosed as abnormal, the whole organ group was considered abnormal. When one anatomic structure was non-diagnostic and the other structures were normal, the organ group was considered non-diagnostic. When every structure was normal, the organ group was considered normal. The autopsy findings are set as the reference standard for comparison. We included the non-diagnostic cases in the group of false negatives for calculation of sensitivity and in the group of false positives for calculation of specificity. Concordance was defined as the sum of true positives and true negatives divided by all cases including non-diagnostic cases. Discordance was defined as the sum of false negatives and false positives divided by all cases including nondiagnostic cases. The accuracy tests were compared with McNemar's test of proportion for paired samples. Post-hoc analyses were conducted for sensitivity and specificity comparison when the difference between 3-T and 1.5-T was not significant for thoracic, cardiac and abdominal organs in fetuses <20 weeks.
Data are presented as medians unless mentioned otherwise. Data were analyzed with the statistical software packages STATA, version 12.0 (StataCorp LP, College Station, TX, USA) and Excel, version 9.0 (Microsoft, Redmond, WA, USA). Post-hoc analysis for power and sample size was performed with R version 3.0.2 (The R Foundation for Statistical Computing, Vienna, Austria). A two-sided P < 0.05 was considered statistically significant. 
Results
During the study period, 195 consecutive fetal losses occurred in our center but 135 fetuses were included in the study with post-mortem MR imaging performed 0-5 days after delivery and classical autopsy, when consent was obtained, 1-7 days after delivery (Fig. 1) . The median gestational age was 25.0 (range, 12.0-41.1) weeks. There were 44 fetuses of gestational age < 20 weeks and 91 ≥ 20 weeks. For 92 of the 135 (68.1%) fetuses included, the parents consented to classical whole-body post-mortem, with 32 at < 20 and 60 at ≥ 20 weeks of gestation. Of the 135 fetuses, 88 (65.2%) had known prenatal abnormalities, 43 (31.8%) had normal prenatal ultrasound imaging data and 4 (3.0%) had no prenatal imaging. There was disagreement between readers in 12 (4.4%) out of 270 MR examination for which a consensus view was obtained.
The study flowchart and the diagnosis of each organ group with post-mortem MR imaging at 1.5-T and 3-T and classical autopsy are summarized in Fig. 1 . The proportion of nondiagnostic cases at classical autopsy was significantly higher for the brain with 39 out of 92 cases (42.4%), as compared with the face, 6 (6.5%), thorax, 4 (4.3%), heart, 6 (6.5%), abdomen, 1 (1.1%) and skeleton, 4 (4.3%; P < 0.0001 for all). Among the non-diagnostic cases at classical autopsy for the brain, 32 of 39 (82.1%) were diagnostic with 1.5-T and 31 (79.5%) with 3-T.
Tissue contrast was significantly increased with 3-T as compared with 1.5-T MR imaging for 9 out of the 14 studied ROIs (Figs. 2 and 3 online) .
For all organ groups except the brain, and for both modalities (1.5-T and 3-T), the diagnostic error and gestational age showed significant inverse correlation (P < 0.0001 for all; Fig. 4 ).
The diagnostic error was lower for 3-T than for 1.5-T MR imaging for all anatomic structures and organ groups, with the exception of the orbits and all structures of the brain (Table 2) . This difference remained significant for fetuses at < 20 weeks and ≥ 20 weeks of gestation, except for the face, for which the difference became non-significant at ≥ 20 weeks of gestation (Fig. 5) .
Diagnostic accuracy for 3-T and 1.5-T MR imaging for all datasets and for each organ group are illustrated in Table 3 . Overall, 3-T showed fewer non-diagnostic scans allowing an increase in sensitivity, specificity and concordance rate than 1.5-T MR imaging, and these differences are mainly present in fetuses < 20 weeks (P < 0.01 for all; Figs. 3, 6, 7 and 8).
In subgroup analysis by organ groups, there were fewer nondiagnostic scans at 3-T than 1.5-T of the face, thorax, heart and abdomen (P < 0.05). This reduction of non-diagnostic scans was significant for the face, thorax, heart and abdomen for fetuses < 20 weeks (P < 0.05) (Fig. 6) , whereas for fetuses ≥ 20 weeks, this reduction remained significant only for non-diagnostic abdominal scans (P < 0.05). The proportion of concordant diagnoses also increased for 3-T MR imaging for the thorax, heart and abdomen, mainly for fetuses aged < 20 weeks (P < 0.05 for all), but not for those ≥ 20 weeks. No significant differences were seen in sensitivity in this subgroup analysis, irrespective of gestational age group.
Post hoc power analysis with 80% power showed that to detect a significant difference in sensitivity between MR imaging at 1.5-T vs. 3-T in the group of fetuses < 20 weeks, 61 with thoracic abnormalities, 32 with cardiac abnormalities and 45 with abdominal abnormalities would be needed. In this same group, to detect a significant difference in specificity between MR imaging at 1.5-T vs. 3-T, 33 fetuses with a normal thorax and 35 with a normal abdomen are needed.
Discussion
Our study shows that 3-T had better image contrast, fewer non-diagnostic examinations, lower diagnostic error, and higher sensitivity, specificity and concordance than 1.5-T for The mean diagnostic error of each organ group and its p value are highlighted in italicized characters fetal post-mortem whole-body MR imaging. The improvement is mainly in fetuses below 20 weeks of gestational age, in particular for thoracic organs including the heart and abdominal organs, but not the brain. Since a higher field strength is accompanied by an increase in signal-to-noise ratio, better spatial resolution and, thus, more detailed imaging of fetal anatomy, attempts to improve image quality and diagnostic accuracy for small fetuses have focused on the use of higher-field magnets such as 3-T or 9.4-T [10, [16] [17] [18] . In a study focusing on congenital heart defects (CHDs) including 24 fetuses at 11 to 20 weeks of gestation, MR imaging was performed with 1.5-T, 3-T and 9.4-T magnets prior to classical autopsy [16] . While only the cardiac situs and four-chamber view could be visualized in 62% and 25% of cases for 1.5-T MR imaging and 70% and 45% of cases on 3-T MR imaging, respectively, when the fetus was below 20 weeks of gestation, using MR imaging at 9.4 T, the cardiac situs, 4-chamber view and the outflow tracts could be visualized in all fetuses irrespective of gestational age.
The major limitation of using MR imaging at 9.4-T is that such machines are currently only available in research units and have no other clinical application, thus limiting their use for post-mortem examination. In contrast, 3-T magnets are widely available in radiology and other clinical imaging units. A retrospective study including 58 fetal prenatal MR imaging examinations showed an overall advantage of 3-T for antenatal fetal imaging, with higher imaging scores for 3-T vs. 1.5-T MR imaging across different fetal anatomic structures [19] . However, while safety concerns may arise prenatally [20] , there are none for post-mortem examination.
Other fetal post-mortem imaging methods have been studied such as post-mortem ultrasound and post-mortem computerized tomography with or without contrast product for angiography. Post-mortem computerized tomography without a contrast product has a poor detection rate for major pathology in comparison to MR imaging [21] . Post-mortem computerized tomography angiography has shown promising results in feasibility studies [22, 23] ; however, validity studies are still needed. Ultrasound is a low-cost and easily accessible imaging method. Its application in fetal post-mortem examination has been suggested by a recent pilot study [24] . However, the sonographer was not blinded to the ante-natal diagnosis and more studies are still needed.
The improvement of diagnostic accuracy with MR imaging at 3-T for cardiac abnormalities was suggested by Sandaite et al. in a retrospective study of 24 fetuses with CHDs assessed by post-mortem MR at 3-T at a median gestational age of 22.2 (range 12.5-34.6) weeks including 10 fetuses below 20 weeks. 3-T MR imaging was diagnostic for 12/13 (92.3%) complex CHDs and for 6/11 (54.5%) isolated CHDs [18] . Regarding fetuses < 20 weeks, 3-T MR imaging was diagnostic in 50% of cases. The authors concluded that the technique was a valid diagnostic tool for CHDs in fetuses beyond 16 weeks of gestation. Our study has prospectively and blindly evaluated the contribution of 3-T in whole-body post-mortem examination in comparison to 1.5-T MR imaging. We showed that 3-T has fewer non-diagnostic scans, better image contrast, lesser diagnosis error and better overall accuracy in comparison to 1.5-T MR imaging. The impact of 3-T is more relevant for fetuses < 20 weeks. Regarding the heart, our study included 61 normal fetal hearts (14 fetuses < 20 weeks) and 25 CHDs ( 1 3 f e t u s e s < 2 0 w e e k s ) . F o r t h e s u b g r o u p o f fetuses < 20 weeks, 3-T MR imaging had 37.0% of nondiagnostic scans, a specificity of 78.6% and a concordance rate of 55.6% with classical post-mortem whereas 1.5-T imaging had 92.6% of non-diagnostic scans inducing a 0% concordance rate with classical post-mortem.
Our data did not demonstrate an improvement in brain imaging at 3-T over 1.5-T since tissue contrast, diagnostic error and diagnostic accuracy were comparable with both modalities. 1.5-T MRI has been shown to have sufficient image quality for most major brain abnormalities [25] . Furthermore, there are very few non-diagnostic scans for the brain with either 3-T and 1.5-T magnets, even when classical autopsy fails to provide a diagnosis because of marked autolysis [8] .
These results encourage future use of post-mortem MR imaging as a first-line diagnostic tool in fetal brain malformations [11] . In our study using 3-T magnets, diagnostic accuracy for dysmorphologic features of the face was not significantly improved, but the diagnostic error was decreased. Dysmorphologic features are easily noted on non-invasive external examination of the body and do not typically require imaging.
Our data show similar sensitivity and specificity values for 1.5-T as compared with published data for the brain, thorax and musculoskeletal structures [25] [26] [27] . However, the sensitivity and specificity of abdominal structures at 1.5-T was lower in our study [28] . The large number of small fetuses included in our study could explain these results. Additionally, we included in our protocol analysis of the pancreas, which is often autolysed and, therefore, non-diagnostic, thus explaining the large number of non-diagnostic abdominal scans in our study.
We acknowledge that our study has some limitations. First, although our data include a large number of abnormalities, the sample size is not sufficient to demonstrate a significant difference in sensitivity between 3-T and 1.5-T for specific organs. For this purpose, the required number of cases with abnormalities per specific organ needs to be relatively high and can only be achieved in multi-center studies. Second, in our post-mortem evaluation, we did not include clinical history, external examination or post-mortem genetic and metabolic tests, but only MR imaging, which led to underestimation of performance of a complete minimally invasive post-mortem using 3-T. On the other hand, our purpose was to focus on improving the contribution of MR imaging alone since the rest of investigation can be done equally with both modalities.
In conclusion, whole-body post-mortem fetal MR imaging at 3-T has improved diagnostic accuracy compared to 1.5-T, mainly for fetuses < 20 weeks, particularly for thoracic and abdominal organs. However, the diagnostic performance of MR imaging alone at 3-T for fetuses below 20 weeks of gestation may be considered insufficient for clinical practice, so the search for alternative techniques in this particular group is still justified.
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